e study presented is focused on the influence of carbon addition on properties of the Fe-Mn-Si type intelligent materials with basic composition of Fe64Mn30Si6 (wt. %). ree alloys were prepared, starting from elemental powders, with 0, 0.1, and 0.3 wt. % of carbon, at corresponding silicon content reduction. For the synthesis, the mechanical alloying, sintering, and annealing were applied. Further process involved deformation and subsequent heating in a furnace. High temperature X-ray diffraction patterns, obtained at room temperature and up to 600°C, showed evolution of α′, c, and ε phase peaks. e study revealed that a small carbon addition (of 0.1 wt. %), could increase shape recovery stress, even up to 1.8% after one cycle of training. e higher carbon content leads to a deterioration of the property. Also, relative density differences are observed between the sintered Fe64Mn30Si6 (wt. %) alloys with before/after annealing with/without mechanical alloying involvement.
Introduction
e family of alloys exhibiting shape memory effect (SME) has a wide range of industrial applications, such as the medical, the energy fields, etc. [1] [2] [3] [4] [5] [6] [7] . e SME of the Fe-Mn-Si alloy system has been discovered by Sato et al. in 1982 [8-10] . Because the alloying elements (Fe, Mn, and Si) are relatively inexpensive, this system has been expected to be a promising alternative to expensive Ti-Ni-based shape memory alloys. In addition to the low cost, this system has excellent properties in its machinability, formability, weldability, corrosion resistance, and high strength.
e Fe-Mn-Si based alloys possess one way SME that is why they are used as various structural materials such as main fastening material pipe fittings or seismic alloy [11] .
While the SME of the Ti-Ni-based alloys occurs due to a thermoelastic martensitic phase transformation, that in the Fe-Mn-Si alloys originates from a stress-induced c (fcc) ⟶ ε (hcp) martensitic transformation, followed by an ε ⟶ c reverse transformation during heating. Stress-induced martensitic transformation occurs by the creation of stacking faults (SFs) due to the movement of the Shockley partial dislocations (a/6 <112>FCC) in the parent phase. Stress-induced martensitic transformation in the Fe-Mn-Si shape memory alloys was found to occur at the deformation within 3-4% [10, 12, 13] , and the optimization of composition for the maximum shape memory effect has been made. Basic composition in this type of alloy system has been established at the Fe(61-66)Mn(28-33)Si6 (wt. %) [10, 14] . Moreover, the improvements have been reported for this alloy system by the addition of rare earth elements (RE) [15] and other methods [16] [17] [18] . However, the usage of expensive RE elements, even with expected improvement in shape memory characteristics, makes that the attractiveness of the Fe-Mn-Si alloys related to their low cost is lost.
Fe-Mn-Si shape memory alloys have been used in various fields, as described above. Most of them are manufactured using a wire or plate made by the dissolution method [8-10, 14, 19-24] . In the conventional melting method, it poses a problem with their manufacturing as will be discussed. First, because Fe is very reactive, the selection of dissolution atmosphere and crucible is critical. In addition, the appearance of composition variation and impurities in the ingot is likely. Moreover, because the manufacturing process is large-scaled, it is difficult to shape the material properly.
erefore, production using powder metallurgy methods as a solution to the abovementioned problems has been attempted. is method has shown to possess various advantages in the manufacturing of industrial products. Its main feature is the possibility to obtain a uniform composition of materials, which can be manufactured with near net shape. Owing to this, it is considered as one of the methods that can solve the abovementioned problems. It also minimizes the additional usage of machining usually required to form the final product, in comparison with casting techniques. erefore, it is worth exploring as the alternative production route for the Fe-Mn-Si shape memory alloys. e mechanical alloying (MA) technique is easy in processing and making some composition adjustment to the alloy. During MA, the high energy collisions between ball and elemental particles occur. Consequently, with the repeated cold welding and fracture of the powder grains, not only the alloying process is attained, but also the synthesis of the nonequilibrium structures (such as supersaturated solid solutions, intermetallic compounds, nanocrystalline, and amorphous structures) is possible [25, 26] .
is offers many advantages, such as reduced grain size, the formation of intermetallic compounds, the ability to synthesize alloys from elements with much different melting points, and the capability of producing nano-sized structures [27] . ese characteristic advantages can lead to excellent mechanical features as well as other unique properties of the products.
e rotational speed required for a Fe-Mn-Si powder production by MA method and manufacturing conditions (e.g., the milling time) has been reported by Saito et al. [25, 27] To produce Fe-Mn-Si shape memory alloys in this study, mechanical alloying and pulse electric current sintering methods have been used. Instead of using expensive elements such as abovementioned rare earths, addition of inexpensive carbon to Fe-Mn-Si system was investigated in this work, expecting an improvement of its properties by strengthening the matrix phase with a solid solution. In addition, usage of thermomechanical processing was investigated for the purpose of shape memory properties improvement.
Materials and Methods
In this study, commercially available electrolytic Fe (99.9%), electrolytic Mn (99.9%), atomized Si (99.9%), and scaly graphite carbon (99.9%) elemental powders were used.
ree kinds of samples of compositions listed in Table 1 , were prepared by MA. e powder was milled using a planetary ball mill (Pulverisette 7, Fritsch) with a stainless steel vial (volume � 45 ml). e ball-to-powder weight ratio was 8 : 1. e powder mixture was milled with stainless steel balls (15 mm diameter) in the atmosphere of Ar gas at a rotational speed of 600 rpm. e mechanically alloyed powder obtained (MA powder) was put into a graphite die and sintered by means of pulse-current pressure sintering equipment (PLASMAN, SS Alloy). e sintering was performed for a period of time of 600 s at the temperature of 1173 K in vacuum conditions (2 Pa) under an external uniaxial compression pressure of 20 MPa.
e sample obtained was cylindrical with a diameter of 10 mm and a height of about 20 mm. Since the sintered bulk alloy was subjected to stress during sintering, the alloy was then annealed in a furnace at 873 K for 3600 s under high vacuum conditions (10 −3 Pa) to relieve the resulting internal stress.
e crystallographic phase analysis was carried out with X-ray diffraction (XRD) equipment (Ultima IV, Rigaku), at room temperature, using Cu-Kα radiation (wavelength λ � 0.154 nm) at 40 kV and 45 mA with a graphite monochromator.
X-ray fluorescence (XRF) analysis was performed on SEA1000A (SII Nanotechnology Inc.) apparatus. It allowed us to determine the elemental composition (except for carbon) of the samples. Scanning electron microscopy (SEM, JSM-7001F, JEOL) with energy-dispersive X-ray spectroscopy (EDS, JED-2300, JEOL) for determination of distribution of individual elements and surface morphology analysis of powders and bulk samples was also performed.
e SME of the bulk alloy was characterized by shape recovery strain after 4% deformation and subsequent heating in a furnace at 923 K. e deformation was achieved at room temperature by compression in the uniaxial geometry, parallel to the external stress exerted at the sintering. e shape recovery strain was determined from the change in the height during heating divided by the initial height before deformation. e following expression was used for its calculation:
where h 0 is the initial height before deformation, h 1 is the height after deformation, and h 2 is the height after the subsequent heating. e h 0 , h 1 , and h 2 were measured with a screw micrometer at five points for each height to evaluate the standard error at room temperature.
Results and Discussion

Analysis of Elemental Composition.
XRF measurement results of the MA powder and bulk alloy without addition of C are shown in Table 2 . e compositions of both the Fe-Mn-Si powder and bulk alloy were almost close to as Figure 1 . For each powder, all the elements are evenly distributed, which suggests that it is uniformly mixed. e determined composition of the powder and bulk samples is consistent with that obtained by XRF.
Characteristics of the Alloy Sintered Directly from Elemental Powders.
In this section, we describe the properties of the alloy obtained by using pulse electric current sintering elemental powders of Fe-Mn-Si system, without preceding MA treatment. e results of EDX analysis are shown in Figure 2 . ey reveal uneven distribution of iron, visible as dark paths. ese features correspond to increased silicon content (red and pink color), whereas manganese appears to be more evenly distributed. e sample has subsequently been subjected to chemical polishing in a solution. Results of the EDX analysis of the sample treated in such a way are shown in Figure 3 . Chemical polishing does not remove the iron deficient regions that are still well visible, whereas it generally decreases the silicon surficial content. No visible influence of this chemical polishing procedure on the manganese content is noted.
Impact of the MA of the Powder on the Sintered Alloy
Characteristics. As obtaining metallographically homogeneous sintered sample directly from mixture of elemental powders appeared to be unsuccessful, we have tried to process the powder mixture with MA using a planetary ball mill.
e results of a metallographic study of the alloy sintered from such a powder and the alloy sintered and subsequently annealed are shown in Figures 4 and 5 . e EDX maps reveal that the distribution of constituent elements in the material is homogeneous. In particular, no regions deficient in iron are observed, in contrast to the alloy sintered from the MA untreated powders. us, by MA, it is possible to achieve a significant improvement of the microstructural homogeneity of the alloy.
Estimation of Alloys Density.
e results of measurements of the sintered alloys density, which were obtained with the Archimedes' method are shown in Figure 6 . e relative density of the sintered alloy (without MA treatment of the starting powder) before annealing is about 98% (Figure 6(a) ) and about 95% after its annealing (Figure 6(b) ).
Densities of alloys obtained from MA treated powders are shown in Figures 6(c) and 6(d) and reach 98 and 99% for the sintered alloy before annealing and after annealing, respectively. Difference in densities for sintered alloys, before annealing and after annealing (without MA treating of the starting powders), can be attributed to gaps made by Kirkendall effect during solution treatment. It is worth noting that the alloy sintered from the MA treated powders shows a relative density of almost 100% after annealing. us, by MA, it is possible to achieve a significant improvement of the density of these shape memory alloys.
Improvement of Shape Recovery Characteristics with C Addition.
It is well known that characteristics of the shape memory alloy can vary significantly, depending on their composition. In Fe-Mn-Si system, alteration of the properties by the addition of elements is possible. In particular, the parent phase reinforcement with a solid solution with C addition is known to improve the shape memory characteristic [28] .
Magnetic properties of the MA powders and the sintered alloys produced were investigated with Mössbauer spectroscopy. Mössbauer spectra for MA10h and MA30h of Fe-30Mn-5.9Si-0.1C (wt. %) are shown in Figures 7 and 8 , respectively. e spectrum after 10 h of MA shows a weak sextet and a dominant single peak which correspond to the ferromagnetic and the paramagnetic (or diamagnetic) component, respectively. is reveals presence of a mixture of α and c phases, showing that MA process was incomplete. For the Mössbauer spectrum of the powder subjected to MA for 30 h, only a single paramagnetic peak is observed, and the ferromagnetic component seen for the powder after 10 h of MA did not appear. erefore, it can be concluded that the formation of the c phase is complete for the 30 h of MA.
Annealed alloy samples with 0 and 0.1% carbon content have also been investigated by Mössbauer spectroscopy. Results obtained from room temperature (RT) and 80 K measurements are shown in Figure 9 . A single peak is observed for all the spectra. Differences of isomer shift (listed in Table 3 ) observed at both temperatures indicate, that carbon enters the bulk of the alloy. is is also consistent with a larger line width observed for the carbon containing sample. For both samples, a significant broadening of the spectrum (by more than two times) on lowering the temperature from 293 K to 80 K is observed, which can be attributed to a slowing down of the paramagnetic fluctuations.
e crystallographic structure of the bulk alloy synthesized from the MA treated powder and subjected to the compressive strain was studied with high-temperature X-ray diffraction. e XRD patterns for Fe-30Mn-5.9Si-0.1C (wt. %) alloy at several heating temperatures are shown in Figure 10 . Figure 10(a) shows an XRD pattern of the bulk alloy after 4% deformation. All the peaks are broad and the ε phase peaks are pronounced. Peaks broadening indicates an increase in lattice strain due to decreasing temperature. Furthermore, since the ε phase peaks are relatively large, it 
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suggests that c ⟶ ε stress-induced martensitic transformation due to the deformation occurred. With increasing heating temperature, the intensities of ε phase peaks are decreasing and, eventually, the ε phase peaks disappear when the sample is heated at 600°C. In contrast to that, the diffraction peaks of the c phase continue to increase with increasing temperatures and a sharp peak is observed at temperatures higher than 400°C. us, with the heating, the amount of ε phase is reduced, but the c phase increases its content, suggesting that the ε ⟶ c reverse transformation occurred. So, these high temperature X-ray diffraction results indicate that this alloy may have a shape memory. However, for using it as an industrial product, shape recovery strain is an important factor. e shape recovery Advances in Materials Science and Engineeringstrain characteristics for the bulk alloy with C addition is shown in Figure 11 (a). It increased with increasing carbon concentration up to 0.1 wt. %. e maximum shape recovery strain obtained is about 1.5%. is result exceeds those of the basic composition we have previously reported [27] . Figure 11(b) presents the curve of shape recovery strain after one cycle of training, which is similar to previously mentioned curve for the annealed state. e improvement of this parameter up to about 1.8% for the alloy with 0.1 wt. % of carbon is shown.
Improvement of Shape Recovery
Characteristics with ermomechanical Processing. As described above, it was possible to obtain an improvement of the shape recovery characteristics by C addition. However, for the industrial use, shape recovery strain of more than 2% is required [29] .
erefore, for a further improvement of the shape recovery characteristics, it is necessary to attempt thermomechanical Advances in Materials Science and Engineering processing. For this purpose, the sintered alloy was subjected to annealing. Owing to this, the critical stress for slip is low and the material is susceptible to plastic deformation due to slip. In this situation, we deal with low state of critical stress, and it is di cult to impart suitable shape memory properties. e material was further subjected to thermomechanical processing for increase of the critical stress for slip. Shape recovery strain characteristics after the thermomechanical process, as shown in Figure 11 (b), can be greatly improved. In particular, the alloy with the addition of 0.1 wt. % C signi cantly improved its properties. Shape recovery strain of this sample (Fe-30Mn-5.9Si-0.1C), which was subjected to thermomechanical process, is of 1.8%. Although this is still less than the strain required to a structural material, it was con rmed that the shape recovery performance was improved. So that, with the C addition and training process, a potential was shown for future application of the fabricated shape memory alloy. 
Summary and Conclusions
In this study, we investigated the possibility of the practical use of the Fe-Mn-Si-based shape memory alloy, which is manufactured by the MA method. Elemental analysis of the prepared powders and bulk alloys, characteristics such as density of the alloys and shape recovery strain were investigated. e following findings were obtained:
(i) By using MA powder, it was shown that it is possible to produce an alloy with high density and homogeneous metallographic nature. (ii) In order to improve shape recovery properties, small amount of carbon was added as a fourth element and a comparison with basic composition (Fe-30Mn-6Si, wt. %) was made. e improvement is confirmed up to 0.1 wt. % of carbon. Higher concentration was resulting in a reduction of shape recovery strain value, which is in good agreement with alpha phase creation, as stems from ironcarbon phase diagram. Mössbauer spectroscopy measurements confirmed that carbon entered the bulk of the alloy. (iii) e thermomechanical training process leads to the increase of the shape recovery strain for all the samples (up to 0.3 wt. % of carbon), when compared to samples without training. e alloy with Fe-30Mn-5.9Si-0.1C (wt. %) composition exhibits the biggest shape recovery strain, which is of 1.8%. (iv) Different durations (10 and 30 hours) of mechanical alloying of powders with carbon addition (0.1 wt. %) reveal changes in their phase composition, which is reflected in their magnetic properties. Powder after shorter MA time exhibits coexistence of ferromagnetic and paramagnetic phases. Longer MA treatment smears out the ferromagnetic component, which is associated with alpha to gamma iron phase transformation. e behavior is similar in the case of carbon-doped materials.
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